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(57) ABSTRACT

A magnetic flux leakage inspection method generates a mag-
netic flux parallel to a surface of an inspected object, and
detects a magnetic flux that leaks from the surface of the
inspected object with a magnetic sensor. The method includes
exciting coils that generate an alternating magnetic field hav-
ing a variable frequency, an exciting coil power source, a
magnetic sensor, a lock-in detector, and a signal analyzer that
analyzes changes of a signal intensity and a phase of the
output of the magnetic sensor with output signals of the
lock-in detector. The method obtains cosine or sine as a trigo-
nometric function of a phase obtained by adding to the phase
at each measurement point of multipoint measurement, an
adjustment phase common to all the measurement points, and
displays an analytical value obtained by multiplying the sig-
nal intensity and the sine or cosine at each measurement point
with any adjustment phase.

10 Claims, 5 Drawing Sheets
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1
LEAKAGE MAGNETIC FLUX FLAW
INSPECTION METHOD AND DEVICE

TECHNICAL FIELD

The present invention relates to a method and an apparatus
for inspecting a defect of an inspected objected by applying
an alternating magnetic field to the inspected object and
detecting a leakage magnetic flux that leaks from a surface of
the inspected object.

BACKGROUND ART

A magnetic flux leakage inspection method using magne-
tism is one of methods that have been used for inspecting a
defect of a steel material. The magnetic flux leakage inspec-
tion method magnetizes a measured target by direct or alter-
nating magnetization and detects a magnetic flux that leaks
from a surface of the measured target mainly using a search
coil as a magnetic sensor. Recently, a magnetic resistor device
(MR), a hall device, a magnetic impedance device (MI), and
the like have begun to be used as the magnetic sensor. In the
magnetic flux leakage inspection method using magnetism,
when the steel product as the measured target is magnetized
by the direct or alternating magnetization, if the measurement
target has a defect on a surface, a leakage magnetic flux
leakage is generated on the surface. Thus, the magnetic sensor
measures a magnetic field component parallel to a surface of
the leakage magnetic flux or a magnetic field component
perpendicular to the surface of the leakage magnetic flux. A
method of magnetizing the measured target includes the
direct magnetization and the alternating magnetization using
exciting coils. The direct magnetization can uniformly mag-
netize a cross section of the measured target and thus is
mainly used for detecting a defect inside. The alternating
magnetization exerts a frequency-dependent skin effect and
thus is mainly used for the inspection near the surface of a
material. A magnetic sensor with a sensitivity covering a low
frequency wave such as the MR, the hall device, and the MI
device allows excitation with the low frequency wave and
thus is used for detecting a defect deep inside the measured
target. The magnetic flux leakage inspection method is gen-
erally included in an eddy-current inspection method. The
eddy-current inspection method and the magnetic flux leak-
age inspection method are inspection methods with the same
configuration in which the magnetic field is applied to the
measured target and the measurement is performed with the
magnetic sensor. An eddy-current inspection method apply-
ing a low frequency magnetic field and detecting a magnetic
field component parallel to a surface of a sample is described
in Japanese Patent No. 3987941 (Patent document 1).

The measured target takes various shapes. For detecting a
defect of a cylindrical steel pipe and steel bar, it is a common
practice to insert the measured target through an encircling
coil to be subjected to the alternating magnetization. To
inspect a large steel pipe, tank, and the like, since the surface
is approximately flat, it is a common practice to attach the
exciting coils to a U-shaped yoke member and bring both end
portions of the yoke member in contact with the measured
target to perform alternating magnetization on the measured
target (see, Non-patent documents 1 and 2).

Multipoint measurement data obtained by measuring the
measured target at various positions with such a magnetic flux
leakage inspection has conventionally been processed as fol-
lows. Specifically, an output from the magnetic sensor is
directly used as a signal intensity, and a position and a size of
a defect are estimated with reference to a change of the signal
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intensity at measurement positions. Recently, the output from
the magnetic sensor has been detected by a lock-in amplifier
in synchronization with the exciting coils to analyze a phase
in addition to the signal intensity. Specifically, a change ofthe
phase in addition to the change of the signal intensity at the
measurement points are graphed to estimate a position and a
size of the defect. For example, Japanese Unexamined Patent
Application Publication No. 2007-64628 (Patent document
2) describes an analysis method for identifying a depth and a
size of a defect from a graph showing a change of a signal
intensity.

RELATED ART DOCUMENTS
Patent Documents

Patent document 1: Japanese Patent No. 3987941
Patent document 2: Japanese Unexamined Patent Application
Publication No. 2007-64628

Non-Patent Documents

Non-patent document 1: “Non-destructive evaluation of mag-
netic metallic materials using Hall sensors.” K. Kosmas,
Ch. Sargentis, D. Tsamakis, E. Hristoforou, Journal of
Materials Processing Technology, volume 161 (2005) pp.
359-362

Non-patent document 2: “Defect inspection method using
non-linear eddy current analysis™ Yuji Goto, Journal of the
Institute of Electrical Engineers of Japan, volume 127
(2007) pp. 727-730

DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

As described above, in the conventional magnetic flux
leakage inspection methods, the change of the magnetic field
intensity and the change of the phase within a measured range
are individually graphed or mapped to detect and display the
defect. Unfortunately, in these analytical expressions, if a
distance between a measured sample and the exciting coils or
the magnetic sensor of the measurement apparatus changes
during the scanning for the measurement, the changed portion
largely affects the measurement result. Thus, in some cases,
the position and the size of the defect are difficult to accu-
rately identify.

Accordingly, an object of the present invention is to pro-
vide a method and an apparatus for magnetic flux leakage
inspection for measurement and analysis that can accurately
capture a true signal due to a defect with a measurement result
unaffected by a change of a measurement condition.

Means of Solving the Problems

A magnetic flux leakage inspection method in which:

a magnetic field application unit configured to apply an
alternating magnetic field to an inspected object;

at least one sensor configured to detect a leakage magnetic
flux that leaks from the inspected object; and

an analyzer configured to analyze changes of a signal and
a phase output from the at least one sensor, are used to detect
the leakage magnetic flux that leaks from the inspected object
to inspect a defect, the method including:

applying the alternating magnetic field in a predetermined
magnetic field application direction by the magnetic field
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application unit so that a magnetic flux parallel to a surface of
the inspected object is generated;

detecting an intensity of a magnetic field parallel to the
predetermined magnetic field application unit at a plurality of
positions on the surface of the inspected object by the at least
one sensor;

detecting an output from the at least one sensor as two
signals having frequencies same as a frequency of the alter-
nating magnetic field and phases orthogonal to each other,
and inputting the two signals to the analyzer; and

identifying the defect by calculating data on the intensity of
the magnetic field and data on the phase at each of the plu-
rality of positions from the two signals input to the analyzer,
obtaining a sine value or a cosine value of data obtained by
adding a correction phase for calibration to the phase, obtain-
ing product of the data on the intensity of the magnetic field
and the sine value or the cosine value, and using values of the
product at the plurality of positions,

wherein in the identifying the defect,
the correction phase for calibration includes a common
adjustment phase commonly added to the phases at the plu-
rality of positions to adjust the phases, and

the values of the product at the plurality of positions
includes the values of the product at the plurality of positions
obtained with the common adjustment phase allowing only a
change of the magnetic field due to the defect to be extracted
among the values of the product at the plurality of positions
obtained by changing the common adjustment phase as
desired.

The values of the product may be displayed by a display
unit.

A magnetic flux leakage inspection apparatus including:

a magnetic field application unit configured to apply an
alternating magnetic field to an inspected object;

at least one sensor configured to detect a leakage magnetic
flux that leaks from the inspected object; and

an analyzer configured to analyze changes of a signal and
a phase output from the at least one sensor, the magnetic flux
leakage inspection apparatus detecting the leakage magnetic
flux that leaks from the inspected object to inspect a defect,

wherein the magnetic flux leakage inspection apparatus
further includes a lock-in detector configured to detect an
output from the at least one sensor as two signals having
frequencies same as a frequency of the alternating magnetic
field and phases orthogonal to each other,

wherein the magnetic field application unit is configured to
apply the alternating magnetic field in a predetermined mag-
netic field application direction so that a magnetic flux paral-
lel to a surface of the inspected object is generated,

wherein the at least one sensor is configured to detect an
intensity of a magnetic field parallel to the predetermined
magnetic field application direction at a plurality of positions
on the surface of the inspected object,

wherein the analyzer is configured to calculate data on the
intensity of the magnetic field and data on the phase at each of
the plurality of positions from the two signals, obtain a sine
value or a cosine value of data obtained by adding a correction
phase for calibration to the phase, obtain product of the data
on the intensity of the magnetic field and the sine value or the
cosine value, and identify the defect using values of the prod-
uct at the plurality of positions,

wherein the correction phase for calibration includes a
common adjustment phase commonly added to the phases at
the plurality of positions, and

wherein the values of the product at the plurality of posi-
tions includes the values of the product at the plurality of
positions obtained with the common adjustment phase allow-
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ing only a change in the magnetic field due to the defect to be
extracted among the values of the product at the plurality of
positions obtained by changing the common adjustment
phase as desired.

The magnetic flux leakage inspection may further includes
an input unit through which the correction phase for calibra-
tion is input.

The magnetic flux leakage inspection apparatus may fur-
ther include a scanning unit configured to move the at least
one sensor in a direction intersecting the application direction
of' the alternating magnetic field.

The magnetic field application unit may include two mag-
netic pole portions, and the at least one sensor may include a
plurality of the sensors arranged between the two magnetic
pole portions.

The two magnetic pole portions may include a pair of
exciting coils. Planes respectively defined by the exciting
coils may face each other. The inspected object may be able to
be inserted through the exciting coils. The plurality of sensors
may be arranged in a direction parallel to a center axis of the
exciting coils.

Effects of the Invention

According to the present invention, a parallel component of
a leakage magnetic flux is detected and thus a change of a
magnetic field corresponding to a position of a defect can be
obtained. Furthermore, a magnetic field signal of the leakage
magnetic flux obtained by a sensor array is divided into two
signals of a signal intensity and a phase orthogonal to each
other, cosine or sine as a trigonometric function of a phase
obtained by adding to a phase at each measurement point of'a
multipoint measurement at a plurality of positions, an adjust-
ment phase to all the measurement points is obtained, an
amount is obtained by multiplying the signal intensity and the
trigonometric function, and thus a signal change optimum for
detecting the defect can be obtained. Accordingly, a position
and a size of the defect can be more accurately identified.

According to the present invention, through displaying the
values of the product by the display unit, the optimum signal
change can be easily obtained by changing the correction
phase as desired. Thus, the position and the size of the defect
can be identified more accurately.

According to the present invention, a parallel component of
a leakage magnetic flux is detected and thus a change of a
magnetic field corresponding to a position of a defect can be
obtained. Furthermore, a magnetic field signal obtained by a
sensor is divided into a signal intensity and a phase by a
lock-in detector, cosine or sine as a trigonometric function of
a phase obtained by adding to a phase at each measurement
point of a multipoint measurement at a plurality of positions,
an adjustment phase to all the measurement points is
obtained, and an amount is obtained by multiplying the signal
intensity and the trigonometric function, and thus an optimum
signal change can be obtained. Accordingly, a position and a
size of the defect can be more accurately identified.

According to the present invention, any correction phase
can be input.

According to the present invention, a defect can be two-
dimensionally detected.

According to the present invention, a plurality of sensors
are arranged. Thus, the sensors needs not to be moved
between magnetic pole portions during an inspection.
Accordingly, the inspection can be performed at once without
being affected by a change of a measurement condition.

According to the present invention, planes respectively
defined by the pair of exciting coils face each other. Thus, an
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inspected object can be inserted through the exciting coils and
thus, a magnetic flux parallel to the center axis between the
pair of exciting coils can be introduced to the inspected
object. Such a magnetic flux in good orientation facilitates the
detection of a magnetic flux leaked from the surface due to a
defect of the inspected object. Moreover, a sensor measures
the component in the same direction as the magnetic flux and
thus, a change of'a leakage magnetic flux due to the defect can
be more notably detected. Furthermore, a plurality of sensors
are arranged. Thus, the sensors need not to be moved between
magnetic pole portions during the inspection. Accordingly,
the inspection can be performed at once without being
affected by a change of a measurement condition.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of a basic configuration of a
magnetic flux leakage inspection apparatus employing a
magnetic flux leakage inspection method as an embodiment
of the present invention.

FIG. 2 is a schematic view of a configuration of an
inspected object in which (a) is a rear surface view of the
inspected object and (b) is a cross-sectional view taken along
A-Ain (a).

FIG. 3 shows a result of measuring the inspected object and
shows a change of a magnetic field intensity (Bxi) and a
change of a phase 01 at each point i.

FIG. 4 shows results of measurement on the inspected
object and shows the results obtained by obtaining Bxi-SIN
(Bi+) at each point i and changing a common adjustment
phase a by 20 degrees for each measurement.

FIG. 5 shows an image obtained from two-dimensional
data of Bxi-SIN(Bi+a) obtained by two-dimensional scan-
ning by a magnetic sensor array.

FIG. 6 is a schematic view a basic configuration of a mag-
netic flux leakage inspection device as a second embodiment
of the preset invention.

FIG. 7 is a schematic diagram showing a basic configura-
tion of a magnetic flux leakage inspection device as a third
embodiment of the present invention.

DESCRIPTION OF THE REFERENCE
NUMERAL

1-1 inspected object

1-2 inspected object

1-3 inspected object

2-1 exciting coil

2-2 exciting coil

2-3 exciting coil

2-4 exciting coil

3 yoke member

4 exciting coil power source
5 oscillator

6-1 magnetic sensor array
6-2 magnetic sensor array
6-3 magnetic sensor array
7-1 magnetic sensor

7-2 magnetic sensor

7-3 magnetic sensor

7-4 magnetic sensor

7-5 magnetic sensor

7-6 magnetic sensor

7-7 magnetic sensor

7-8 magnetic sensor

7-9 magnetic sensor

7-10 magnetic sensor
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6

8-1 magnetic sensor measuring circuit
8-2 magnetic sensor measuring circuit
8-3 magnetic sensor measuring circuit
8-4 magnetic sensor measuring circuit
8-5 magnetic sensor measuring circuit
8-6 magnetic sensor measuring circuit
8-7 magnetic sensor measuring circuit
8-8 magnetic sensor measuring circuit
8-9 magnetic sensor measuring circuit
8-10 magnetic sensor measuring circuit
9 multiplexer

10 lock-in detector

11 signal analyzer

12 display mechanism

13 rectangular exciting coil

14 exciting coil base member

15 magnetic field application unit

25 magnetic field application unit

MODES FOR CARRYING OUT THE INVENTION

Embodiments of the present invention are described in
detail below with reference to the accompanying drawings.

Members having the same purposes and functions are
given the same reference numeral and the description thereof
is omitted.

First Embodiment

FIG. 1 is a schematic diagram showing a basic configura-
tion of a magnetic flux leakage inspection apparatus employ-
ing a magnetic flux leakage inspection method as an embodi-
ment of the present invention.

The magnetic flux leakage inspection apparatus is an appa-
ratus that detects a leakage magnetic flux that leaks from an
inspected object 1-1 to inspect a defect. As shown in FIG. 1,
the magnetic flux leakage inspection apparatus mainly
includes a magnetic field application unit 15, a magnetic
sensor array 6-1, a lock-in detector 10, a signal analyzer 11,
and a display mechanism 12.

The magnetic field application unit 15 is a magnetic field
application unit that applies an alternating magnetic field to
the inspected object 1-1 having a predetermined thickness
and includes a pair of exciting coils 2-1 and 2-2, a yoke
member 3, an exciting coil power source 4, and an oscillator
5. The exciting coils 2-1 and 2-2 are examples of magnetic
pole portions and are respectively wound around both end
portions of the U-shaped yoke member 3 in directions oppo-
site to each other. The exciting coils 2-1 and 2-2 are each
coupled to the exciting coil power source 4. The oscillator 5 is
coupled to the exciting coil power source 4. The magnetic
field application unit 15 supplies alternate current to the excit-
ing coils 2-1 and 2-2 so that the exciting coils 2-1 and 2-2 are
excited and thus can generate a magnetic flux parallel to a
surface of the inspected object 1-1 when the exciting coils 2-1
and 2-2 are in contact with the surface of the inspected object
1-1. Specifically, the magnetic field application unit 15
applies the alternating magnetic field in a predetermined
magnetic field application direction (a direction parallel to a
straight line between the exciting coils 2-1 and 2-2 in this
embodiment) so that the magnetic flux parallel to the surface
of the inspected object can be generated.

The shape of the yoke member 3 is not limited to the round
U-shape and may be a rectangular U shape.

The magnetic sensor array 6-1 is a sensor that detects a
leakage magnetic flux that leaks from the inspected object 1-1
and is an array sensor in which a plurality of magnetic sensors
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7-1 to 7-10 are arranged in a longitudinal direction of the
magnetic sensor array 6-1. The magnetic sensor array 6-1 is
placed on the surface of the inspected object 1-1 with the
magnetic sensors 7-1 to 7-10 arranged parallel to the straight
line between the exciting coils 2-1 and 2-2. The magnetic
sensors 7-1 to 7-10 can detect magnetic field components in a
direction parallel to the magnetic field application direction
(direction in parallel to the straight line between the exciting
coils 2-1 and 2-2) of the magnetic field application unit 15 at
a plurality of positions on the surface of the inspected object
1-1. Thus, the magnetic sensor array 6-1 can measure the
intensity of the magnetic field in the direction parallel to the
magnetic field application direction of the magnetic field
application unit 15 in the longitudinal direction of the mag-
netic sensor array 6-1 at a plurality of points on the surface of
the inspected object 1-1. The plurality of magnetic sensors
7-1 to 7-10 are respectively coupled to corresponding mag-
netic sensor measuring circuits 8-1 to 8-10. The magnetic
sensor measuring circuits 8-1 to 8-10 respectively drive the
corresponding magnetic sensors 7-1 to 7-10. The magnetic
sensor measuring circuits 8-1 to 8-10 are coupled to a multi-
plexer 9.

The lock-in detector 10 is a lock-in detection unit that
detects an output signal from the magnetic sensor array 6-1 as
two signals having frequencies same as the alternating mag-
netic field and phases orthogonal to each other. The lock-in
detector 10 only detects a signal in synchronization with an
alternate frequency of the alternate current flowing through
the exciting coils 2-1 and 2-2. Specifically, the lock-in detec-
tor 10 detects the output signal as the two signals having the
same frequencies with the exciting coils 2-1 and 2-2 and
phases different from each other by 90 degrees. The lock-in
detector 10 is coupled to the multiplexer 9.

The signal analyzer 11 is a unit that analyzes changes of the
signal and the phase output through the lock-in detector 10
and is coupled to the lock-in detector 10. Specifically, the
signal analyzer 11 calculates data on a magnetic field inten-
sity and data on a phase at a plurality of positions from the two
signals detected by the lock-in detector 10, obtains a sine
value or a cosine value of data obtained by adding a correction
phase for calibration to the phase, obtains product of the data
on the intensity of the magnetic field and the sine value or the
cosine value, and thus can identify the defect using values of
the product at the plurality of positions. Thus, the signal
analyzer 11 can analyze the signals detected by the lock-in
detector 10 with a predetermined analysis method. The dis-
play mechanism 12 is coupled to the signal analyzer 11.

The signal analyzer 11 is coupled to an input unit (not
shown) through which the correction phase for calibration is
input.

The correction phase for calibration (hereinafter, referred
to as common adjustment phase a) is a phase for phase adjust-
ment commonly applied to all of the plurality of magnetic
sensors 7-1 to 7-10 of the magnetic sensor array 6-1 for
calibrating the magnetic sensor array 6-1.

The display mechanism 12 is a display unit that displays an
analysis result of the signal analyzer 11. For example, the
display mechanism 12 can display information required for
identifying the defect on the surface of the inspected object
1-1 such as the changes of the signal and the phase output
through the lock-in detector 10 and the value ofthe product of
the data on the intensity of the magnetic field and the sine
value or the cosine value.

The magnetic flux leakage inspection method according to
this embodiment employed by the magnetic flux leakage
inspection apparatus is

10

15

20

25

30

35

40

45

50

55

60

65

8

a magnetic flux leakage inspection method that uses the
magnetic flux leakage inspection apparatus to detect the leak-
age magnetic flux that leaks from the inspected object 1-1 to
inspect the defect, the method includes;

applying the alternating magnetic field in the predeter-
mined magnetic field application direction by the magnetic
field application unit 15 to generate the magnetic flux parallel
to the surface of the inspected object 1-1;

detecting the signal intensity of the magnetic field parallel
to the predetermined magnetic field application direction at a
plurality of positions on the surface of the inspected object
1-1 by the magnetic sensor array 6-1;

detecting an output from the magnetic sensor array 6-1 as
two signals having frequencies same as a frequency of the
alternating magnetic field and phases orthogonal to each
other, and inputting the two signals to the signal analyzer 11;
and

identifying the defect by calculating the data on the inten-
sity of the magnetic field and the data on the phase at each of
the plurality of positions from the two signals input to the
signal analyzer 11, obtaining the sine value or the cosine
value of the data obtained by adding the common adjustment
phase to the phase, obtaining product of the data on the
intensity of the magnetic field and the sine value or the cosine
value, and using the values of the product at the plurality of
positions.

The magnetic flux leakage inspection apparatus and the
magnetic flux leakage inspection method are concretely
described below.

As shown in FIG. 1, the alternating magnetic field is
applied in a predetermined application direction (direction
parallel to the straight line between the exciting coils 2-1 and
2-2) by the exciting coils 2-1 and 2-2 in contact with the
surface of the inspected object 1-1. Thus, the magnetic flux
parallel to the surface of the inspected object 1-1 is intro-
duced. The pair of exciting coils 2-1 and 2-2 are respectively
attached to both ends of the U-shaped yoke member 3. The
magnetic flux can be introduced in a direction parallel to a
straight line between the ends. The exciting coil power source
4 can change an excitation frequency with the oscillator 5. A
signal from the oscillator 5 drives the exciting coil power
source 4 so that the alternate current flows through the excit-
ing coils 2-1 and 2-2. The exciting coils 2-1 and 2-2 are wound
in directions opposite to each other. One of the exciting coils
2-1 and 2-2 serves as the N-pole for the inspected object 1-1
and the other one of the exciting coils 2-1 and 2-2 serves as the
S-pole for the inspected object 1-1. If the inspected object 1-1
has a defect on a front surface, inside, or on a rear surface, a
leakage magnetic flux leaks right above the defect and
changes the magnetic field. The change is measured at mul-
tiple points by the magnetic sensor array 6-1. The magnetic
sensors 7-1 to 7-10 of the magnetic sensor array 6-1 are
arranged in a facing direction between the exciting coils 2-1
and 2-2, that is, in an x direction in which the magnetic flux is
introduced. Each of the magnetic sensors 7-1 to 7-10 of the
magnetic sensor array 6-1 detects a magnetic flux density
component Bx of the leakage magnetic flux in the longitudi-
nal direction of the magnetic sensor array 6-1, that is, the
direction in which the magnetic flux is introduced. A mag-
netic resistance device (MR) is used as the magnetic sensor
for measuring the magnetic flux density component Bx. It is
a matter of course that other magnetic sensors such as a
magnetic impedance device (MI), a hall device, a flux gate,
and a superconductive quantum interference device may be
used.

In the magnetic sensor array 6-1, 10 magnetic sensors 7-1
to 7-10 are arranged. It is a matter of course that measurement
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with higher spatial resolution is possible with a larger number
of magnetic sensors and smaller distances among the mag-
netic sensors. Arranging the plurality of magnetic sensors 7-1
to 7-10 eliminates the necessity of movement (scanning)
between the exciting coils 2-1 and 2-2 during the inspection.
Thus, the inspection can be performed at once without being
affected by the change of a measurement condition. The
magnetic sensors 7-1 to 7-10 are respectively provided with
the magnetic sensor measuring circuits 8-1 to 8-10 for mea-
surement. Outputs of the magnetic sensor measuring circuits
8-1 to 8-10 are switched by the multiplexer 9 to be detected by
the lock-in detector 10. The detection allows detection of only
a signal in synchronization with the oscillator 5 generating
the signal for the alternate current that flows through the
exciting coils 2-1 and 2-2. The signal in-phase with the signal
of the oscillator 5 and the signal with a phase shifted by 90
degrees from the phase of the signal of the oscillator 5 are
detected by the lock-in detector 10 as two separate signals.
With this in-phase signal and this orthogonal signal, a signal
intensity Bxi and a phase [i of a signal from each of the
magnetic sensors 7-1 to 7-10 of the magnetic sensor array 6-1
can be calculated. The signal analyzer 11 calculates Bxi-SIN
(Bi+) and the display mechanism 12 displays the data. Here,
the analysis proceeds with reference to this data and the
common adjustment phase o is changed to obtain an optimum
final display. Specifically, through the process of obtaining
the optimum final display allows an optimum signal change to
be easily obtained by changing the common adjustment phase
a as desired. Thus, the position and the size of the defect can
be identified more accurately.

As a method of obtaining Bxi-SIN(6i+c) optimum for
detecting the position and the size of the defect by changing
the common adjustment phase ¢, a predetermined threshold
value may be preset as Bxi-SIN(Oi+a) and the optimum
Bxi-SIN(Bi+o) may be automatically obtained by a not
shown processing unit of the signal analyzer 11 executing a
predetermined program.

To demonstrate a basic performance of the magnetic flux
leakage inspection device, detection of defects is performed
on an iron plate with a rear surface shown in FIGS. 2(a) and
(b) including two holes having the same shape as the
inspected object 1-1. The iron plate has a thickness of 10 mm
and a size of 500 mmx500 mm. The holes with a shape of $30
mm (d shown in FIG. 2(@)) and 6 mm in depth (h shown in
FIG. 2(b)) are formed on the rear surface (bottom surface).
The holes cannot be seen from the front surface. The holes are
measured from the front surface (side pointed by an arrow S)
of the inspected object 1-1 using the magnetic flux leakage
inspection apparatus shown in FIG. 1 employing the mag-
netic flux leakage inspection method. Here, 10 magnetic sen-
sors are disposed in the magnetic sensor array 6-1. Accord-
ingly, measurement data at 10 points can be obtained at once.
By performing the measurement with the magnetic sensor
array 6-1 moved in a predetermined direction, measurement
data on a larger area can be obtained from combination of
data.

FIG. 3 shows a result of measuring the inspected object1-1
and shows changes of the magnetic field intensity (Bxi) and
the phase Di at points i that are measurement points of the
magnetic sensors 7-1 to 7-10. In FIG. 3, a horizontal axis and
avertical axis in an upper graph respectively represents point
iand magnetic field intensity ((JT) while a horizontal axis and
a vertical axis in a lower graph respectively represent point i
and phase (rad). FIG. 4 shows results obtained by analysis
with the magnetic flux leakage inspection method of the
present invention and shows the results obtained by obtaining
the magnetic field intensity Bxi-SIN(0i+a) at each point i and
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by changing the common adjustment phase by a 20 degrees.
Conventionally, a defect is detected by referring to a change
of'a magnetic field intensity and a change of a phase individu-
ally as in FIG. 3. In contrast, in the present invention, the
magnetic field intensity information and the phase informa-
tion are combined as in FIG. 4, and the common adjustment
phase a is adjusted. Thus, only the change in the magnetic
field due to the defect can be notably extracted. In FIG. 4,
clear signal changes (two downward peaks) corresponding to
positions of the defects can be found with the common adjust-
ment phase . of 180 degrees. Once determined, this common
adjustment phase o needs not be adjusted for each measure-
ment, and instead the magnetic flux leakage inspection appa-
ratus is calibrated with a standard sample without a defect and
the like.

As the common adjustment phase «, any value can be
inputted to the signal analyzer 11 through the not shown input
unit of the leakage magnetic flux inspection device.

Although not shown in the figure, the above-described
magnetic flux leakage inspection apparatus may include a
scanning unit that moves the magnetic sensor array 6-1 in a
direction intersecting the application direction of the alternat-
ing magnetic field. Thus, measurement is performed through
scanning in a direction perpendicular to the alternating mag-
netic field application direction that is the longitudinal direc-
tion of the magnetic sensor array in this embodiment. Accord-
ingly, two-dimensional data of Bxi-SIN(Bi+a) can be
obtained and the defect can be detected two dimensionally. As
described above, in the magnetic flux leakage inspection
apparatus according to this embodiment, a signal most
reflecting the defects is obtained when the common adjust-
ment phase is 180 degrees. Thus, the result of the measure-
ment can be displayed as image data with this common
adjustment phase. FIG. 5 shows a result of a measurement
with a scanning range of 100 mmx100 mm around one of the
holes in FIG. 2. Here, an image reflecting the size of the holes
is obtained. Thus, the present invention enables the detection
of the defect on the rear surface of the inspected object that
has been conventionally difficult.

The magnetic field application unit 15 and the magnetic
sensor array 6-1 may be integrally formed and provided with
the scanning unit so that the magnetic field application unit 15
and the magnetic sensor array 6-1 can integrally move.

By configuring the magnetic flux leakage inspection appa-
ratus and the magnetic flux leakage inspection method
employed in the magnetic flux leakage inspection apparatus
as described above, the parallel component of the leakage
magnetic flux is detected and thus, the change of the magnetic
field corresponding to the position of the defect can be cap-
tured. Furthermore, the magnetic field signal due to the mag-
netic flux leakage obtained by the magnetic sensor array 6-1
is divided into two signals of a signal intensity and a phase
orthogonal to each other, cosine or sine as a trigonometric
function of a phase obtained by adding to a phase at each
measurement point of a multipoint measurement at a plurality
of positions, the common adjustment phase o. common to all
the measurement points is obtained, and an amount is
obtained by multiplying the signal intensity and the trigono-
metric function. Thus, the signal change optimum that facili-
tates the detection of the defect can be obtained. Accordingly,
the position and the size of the defect can be more accurately
identified.

Moreover, by configuring the magnetic flux leakage
inspection apparatus and the magnetic flux leakage inspec-
tion method employed in the magnetic flux leakage inspec-
tion apparatus as in this embodiment, the pair of exciting coils
2-1 and 2-2 are respectively provided to both ends of the
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round U or rectangular U-shaped yoke member 3. Thus, the
magnetic flux parallel to the straight line between the pair
exciting coils 2-1 and 2-2 can be introduced to the inspected
object 1-1. Such a magnetic flux in good orientation facili-
tates the detection of the magnetic flux leaked on the surface
due to the defect of the inspected object 1-1. Furthermore, the
magnetic sensors measure the components in the same direc-
tion as the magnetic flux and thus, the change in the leakage
magnetic flux due to the defect can be more notably detected.
Furthermore, the plurality of magnetic sensors 7-1to 7-10 are
arranged and thus, the inspection can be performed at once
without moving the sensors during the inspection.

Second Embodiment

Next, another embodiment of the magnetic flux leakage
inspection apparatus employing the magnetic flux leakage
inspection method according to the present invention is
described with reference to FIG. 6.

The magnetic flux leakage inspection apparatus according
to this embodiment is an apparatus that detects a leakage
magnetic flux that leaks from an inspected object 1-2 to
inspect a defect. As shown in FIG. 6, the magnetic flux leak-
age inspection apparatus mainly includes a magnetic field
application unit 25, a magnetic sensor array 6-2, as well as the
lock-in detector 10, the signal analyzer 11, and the display
mechanism 12 shown in FIG. 1. The magnetic sensor array
6-2, the lock-in detector 10, the signal analyzer 11, and the
display mechanism 12 are same as those in the first embodi-
ment and detail description thereof will be omitted.

The magnetic field application unit 25 is a magnetic field
application unit that applies an alternating magnetic field to
the cylindrical inspected object 1-2 (e.g., a steel pipe) having
a predetermined thickness. The magnetic field application
unit 25 includes a pair of exciting coils 2-3 and 2-4, the
exciting coil power source 4, and the oscillator 5. The exciting
coils 2-3 and 2-4 are examples of magnetic pole portions. The
inspected object 1-2 can be disposed through the exciting
coils 2-3 and 2-4 having planes facing each other. The excit-
ing coils 2-3 and 2-4 are wound in directions opposite to each
other. The exciting coils 2-3 and 2-4 are each coupled to the
exciting coil power source 4. The oscillator 5 is coupled to the
exciting coil power source 4. The magnetic field application
unit 25 supplies alternate current to the exciting coils 2-3 and
2-4 with the exciting coil power source 4 so that the exciting
coils 2-3 and 2-4 are excited and can generate a magnetic flux
parallel to (in the x direction in FIG. 6) a surface of the
inspected object 1-2 when the inspected objet 1-2 is disposed
through the exciting coils 2-3 and 2-4.

The magnetic sensor array 6-2 is a sensor that detects a
leakage magnetic flux that leaks from the inspected object 1-2
and is an array sensor in which the plurality of magnetic
sensors 7-1 to 7-10 are arranged in a longitudinal direction of
the magnetic sensor array 6-2. The magnetic sensor array 6-1
is placed on the surface of the inspected object 1-2 with the
magnetic sensors 7-1 to 7-10 arranged in a direction parallel
to the center axis of the exciting coils 2-3 and 2-4. The
magnetic sensors 7-1 to 7-10 can detect magnetic field com-
ponents in a direction parallel to the magnetic field applica-
tion direction (direction in parallel to the center axis of the
exciting coils 2-3 and 2-4: x direction) of the magnetic field
application unit 15 at a plurality of positions on the surface of
the inspected object 1-2. Specifically, the magnetic sensor
array 6-2 can measure the intensity of the magnetic field in a
direction parallel to the magnetic field application direction
of the magnetic field application unit 25 in the longitudinal
direction of the magnetic sensor array 6-2 on the surface of
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the inspected object 1-2 at multiple points. The plurality of
magnetic sensors 7-1 to 7-10 are respectively coupled to the
corresponding magnetic sensor measuring circuits 8-1 to
8-10. The magnetic sensor measuring circuits 8-1 to 8-10
respectively drive the magnetic sensors 7-1 to 7-10 and are
coupled to the multiplexer 9.

The wound shape of the exciting coils 2-3 and 2-4 is not
specifically limited to a circular shape in a front view as in this
embodiment and may be of a shape suitably corresponding to
atubular inspected object such as an ellipsoidal and a rectan-
gular shape.

Specifically, in this embodiment, the planes respectively
defined by the pair of circular exciting coils 2-3 and 2-4 face
each other, the inspected object 1-2 that is the cylindrical pipe
is inserted through the exciting coils 2-3 and 2-4, and the
magnetic flux parallel to the center axis of the steel pipe is
introduced. This embodiment uses the magnetic sensor array
6-2 in which the magnetic sensors 7-1 to 7-10 that detect the
magnetic field components in the direction parallel to the
center axis of the inspected object 1-2 are arranged in the
direction parallel to the center axis of the inspected object 1-2.
This configuration allows the detection of the defect not only
on the surface of the cylindrical measured object but also
inside or on an inner surface of the measured object.

By configuring the leakage magnetic flux inspection
device as in this embodiment, that is, by arranging the pair of
exciting coils 2-3 and 2-4 with the planes facing each other,
the inspected object 1-2 can be inserted through the exciting
coils 2-3 and 2-4 and the magnetic flux parallel to the center
axis between the pair of exciting coils 2-3 and 2-4 can be
introduced to the inspected object 1-2. Such a magnetic flux
in good orientation facilitates the detection of the magnetic
flux leaked on the surface due to the defect of the inspected
object. Furthermore, the magnetic sensors measure the com-
ponents in the same direction as the magnetic flux, the change
in the magnetic flux leakage due to the defect can be more
notably detected. Furthermore, the plurality of magnetic sen-
sors 7-1 to 7-10 are arrange and thus, the inspection can be
performed at once without moving the sensors during the
inspection.

Third Embodiment

Next, still another embodiment of the magnetic flux leak-
age inspection apparatus employing the magnetic flux leak-
age inspection method according to the present invention is
described by referring to FIG. 7.

FIG. 7 shows another mode for providing the same func-
tion of the embodiment in FIG. 6 of the present invention. In
FIG. 6, to measure the cylindrical steel pipe, the exciting coils
2-3 and 2-4 are wound around the cylinders. However, if the
steel pipe has a large diameter, the exciting coil may be
difficult to wound. As a method to address this, an exciting
coil that applies a magnetic field to an inspected object 1-3
can be formed by combining multiple rectangular exciting
coils 13 each having a predetermined size to wrap around the
inspected objected 1-3 (steel pipe) as shown in FIG. 7. Spe-
cifically, each of the rectangular exciting coils 13 is formed on
aflexible exciting coil base member 14 and thus can snugly fit
to the cylindrical shape and can be adhered on a surface of the
cylindrical steel pipe as the inspected object 1-3. By serially
coupling the rectangular exciting coils 13 in the circumferen-
tial direction of the inspected object 1-3, the function approxi-
mately the same with that of the circular exciting coils 2-3 and
2-4 in FIG. 6 can be provided. A wiring part of the exciting
coil disposed along the longitudinal direction of the cylinder
overlaps with the wiring of the adjacent exciting coil 13.
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Thus, the current flowing through the exciting coil 13 and the
current flowing through the adjacent exciting coil 13 flow in
directions opposite to each other and thus cancel each other
out. On the other hand, a wiring part in the circumference
direction of the exciting coil 13 does not overlap with the
wiring part of the adjacent exciting coil 13. Thus, in this
wiring part, the current flowing through the exciting coil 13 is
in the direction same as the current flowing through the adja-
cent exciting coil 13. As a result, current can flow through the
entire circumference of the cylindrical steel pipe. Thus, the
magnetic field application unit of this embodiment can pro-
vide approximately the same function as the exciting coils 2-3
and 2-4 in FIG. 6. Furthermore, the coils can be separately
attached, and thus the exciting coil that can be very easily
detached can be realized. The leakage magnetic flux is mea-
sured using the magnetic sensor array 6-3 in which the plu-
rality of magnetic sensors 7-1 to 7-10 that detects the mag-
netic field components in the direction (x direction) parallel to
the center axis of the exciting coils are arranged as in the
embodiment in FIG. 6.

As described above, the magnetic flux leakage inspection
apparatus employing the magnetic flux leakage inspection
method is an apparatus that generates a magnetic flux parallel
to a surface of an inspected object, and detects a magnetic flux
that leaks from the surface of the inspected object with a
magnetic sensor. The magnetic flux leakage inspection appa-
ratus includes exciting coils that generate an alternating mag-
netic field having a variable frequency, an exciting coil power
source, the magnetic sensor that detects a component hori-
zontal to a magnetic field leaked from the surface of the
inspected object, a lock-in detector that detects signals having
the same frequency as the exciting coils from an output from
the measuring circuit of the magnetic sensor, and a signal
analyzer that analyzes changes of a signal intensity and a
phase of the output of the magnetic sensor with output signals
of the lock-in detector. The magnetic flux leakage inspection
apparatus obtains cosine or sine as a trigonometric function of
aphase obtained by adding to the phase at each measurement
point of multipoint measurement, an adjustment phase com-
mon to all the measurement points, and displays an analytical
value obtained by multiplying the signal intensity and the sine
or the cosine at each measurement point with any adjustment
phase.

Furthermore, in the magnetic flux leakage inspection appa-
ratus employing the magnetic leakage inspection method
according to the present invention, a parallel component of a
leakage magnetic flux is detected and thus, a change of a
magnetic field corresponding to a position of a defect can be
captured. Furthermore, a magnetic field signal is divided into
a signal intensity and a phase, cosine or sine as a trigonomet-
ric function of a phase obtained by adding to the phase at each
measurement point of multipoint measurement, an adjust-
ment phase common to all the measurement points is
obtained, and an amount is obtained by multiplying the signal
intensity by the trigonometric function. Thus, a signal change
optimum for detecting the defect can be obtained. Accord-
ingly, a position and a size of the defect can be more accu-
rately identified.

The present invention is not limited to the above-described
embodiments and it is a matter of course that various modi-
fications, design variations and the like without departing
from the technical idea of the present invention are included
in the technical scope of the present invention.

INDUSTRIAL APPLICABILITY

The present invention is a magnetic flux leakage inspection
method that applies an alternating magnetic field to a mea-
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sured target of a steel structure to detect a defect on a front
surface, inside, or on a rear surface side. While a conventional
magnetic flux leakage inspection method detects a defect on
the front surface with a high accuracy, the present invention

5 allows a detection of a defect at a deeper portion or on a rear
surface side. Thus, the present invention can be applied to
defect detection for an internal defect of a tank and a pipe in
an industrial plant as well as defect detection for a welded
portion of a bridge and the like.
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The invention claimed is:

1. A magnetic flux leakage inspection method comprising:

applying an alternating magnetic field in a predetermined

magnetic field application direction with a magnetic
field application unit so that a magnetic flux parallel to a
surface of an inspected object is generated;
detecting an intensity of a magnetic field parallel to the
predetermined magnetic field application direction at a
plurality of positions on the surface of the inspected
object by at least one sensor configured to detect a leak-
age magnetic flux that leaks from the inspected object;

detecting an output from the at least one sensor as two
signals having frequencies the same as a frequency of
the alternating magnetic field and phases orthogonal to
each other;

inputting the two signals to an analyzer configured to ana-

lyze changes of the two signals and the phases output
from the at least one sensor; and

identifying a defect in the inspected object by calculating

data on the intensity of the magnetic field and data on the
phase at each of the plurality of positions from the two
signals input to the analyzer, obtaining a sine value or a
cosine value of the calculated phase data by adding a
correction phase for calibration to the phase, obtaining a
product of the calculated data on the intensity of the
magnetic field and the sine value or the cosine value, and
using values of the product at the plurality of positions,

wherein the correction phase for calibration comprises a

common adjustment phase commonly added to the
phases at the plurality of positions to adjust the phases,
and wherein the values of the product at the plurality of
positions comprises the values of the product at the
plurality of positions obtained with the common adjust-
ment phase allowing only a change of the magnetic field
due to the defect to be extracted among the values of the
product at the plurality of positions obtained by chang-
ing the common adjustment phase as desired.

2. The magnetic flux leakage inspection method according
to claim 1 further comprising displaying the values of the
50 product by a display unit.

3. A magnetic flux leakage inspection apparatus compris-
ing:

a magnetic field application unit configured to apply an

alternating magnetic field to an inspected object;

at least one sensor configured to detect a leakage magnetic

flux that leaks from the inspected object; and

an analyzer configured to analyze changes of a signal and

aphase output from the at least one sensor, the magnetic
flux leakage inspection apparatus detecting the leakage
magnetic flux that leaks from the inspected object to
inspect a defect,

wherein the magnetic flux leakage inspection apparatus

further comprises a lock-in detector configured to detect
an output from the at least one sensor as two signals
having frequencies the same as a frequency of the alter-
nating magnetic field and phases orthogonal to each
other,

15

20

25

30

35

40

45

55

60

65



US 9,146,214 B2

15

wherein the magnetic field application unit is configured to
apply the alternating magnetic field in a predetermined
magnetic field application direction so that a magnetic
flux parallel to a surface of the inspected object is gen-
erated,

wherein the at least one sensor is configured to detect an
intensity of a magnetic field parallel to the predeter-
mined magnetic field application direction at a plurality
of positions on the surface of the inspected object,

wherein the analyzer is configured to calculate data on the
intensity of the magnetic field and data on the phase at
each of the plurality of positions from the two signals,
obtain a sine value or a cosine value of the calculated
phase data by adding a correction phase for calibration
to the phase, obtain a product of the calculated data on
the intensity of the magnetic field and the sine value or
the cosine value, and identify the defect using values of
the product at the plurality of positions,

wherein the correction phase for calibration comprises a
common adjustment phase commonly added to the
phases at the plurality of positions, and

wherein the values of the product at the plurality of posi-
tions comprises the values of the product at the plurality
of positions obtained with the common adjustment
phase allowing only a change in the magnetic field due to
the defect to be extracted among the values of the prod-
uct at the plurality of positions obtained by changing the
common adjustment phase as desired.

4. The magnetic flux leakage inspection apparatus accord-

ing to claim 3 further comprising an input unit through which
the correction phase for calibration is input.
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5. The magnetic flux leakage inspection apparatus accord-
ing to claim 4, further comprising a scanning unit configured
to move the at least one sensor in a direction intersecting the
application direction of the alternating magnetic field.

6. The magnetic flux leakage inspection apparatus accord-
ing to claim 4, wherein the magnetic field application unit
comprises two magnetic pole portions, and wherein the at
least one sensor comprises a plurality of the sensors arranged
between the two magnetic pole portions.

7. The magnetic flux leakage inspection apparatus accord-
ing to claim 3 further comprising a scanning unit configured
to move the at least one sensor in a direction intersecting the
application direction of the alternating magnetic field.

8. The magnetic flux leakage inspection apparatus accord-
ing to claim 7, wherein the magnetic field application unit
comprises two magnetic pole portions, and wherein the at
least one sensor comprises a plurality of the sensors arranged
between the two magnetic pole portions.

9. The magnetic flux leakage inspection apparatus accord-
ing to claim 3, wherein the magnetic field application unit
comprises two magnetic pole portions, and wherein the at
least one sensor comprises a plurality of the sensors arranged
between the two magnetic pole portions.

10. The magnetic flux leakage inspection apparatus
according to claim 9, wherein the two magnetic pole portions
comprises a pair of exciting coils, wherein planes respectively
defined by the exciting coils face each other, wherein the
inspected object is able to be inserted through the exciting
coils, and wherein the plurality of sensors are arranged in a
direction parallel to a center axis of the exciting coils.

#* #* #* #* #*
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